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Abstract 
The paper presents the integrated neutron spectrum analysis as a potential method for estimating the contents of fissile isotopes in SFAs. 
Two method implementation variants are described: (1) measurement of SFA average transmission and (2) measurement of sample average 
transmission in the spectrum that has passed a SFA. The authors describe the dependences of SFA average transmission on its content of the 
required isotope obtained by means of two types of detectors: helium counter tube and fission chamber. Also, the authors propose a method 
to estimate SFA burn-up by means of the integrated NSA. In addition, SFA residence time influence on transmission is estimated. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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NIntroduction 
According to the IAEA figures of 2012, the total aggregate
amount of spent fuel discharged from reactors approximated
360,500 t, of which about 109,800 t have been reprocessed and
about 250,700 t placed into reactor spent fuel storage pools or
outside reactor storage facilities [1] . The amount of spent fuel
discharged for 2012 was approximately 10,000 t while the ca-
pacities of fuel reprocessing plants in the world totals only
about 5000 t/year. It is obvious that radiochemical reprocess-
ing of irradiated uranium falls far short of its accumulation.
Moreover, in many cases for huge amounts of stored spent
uranium (and accumulated plutonium) there are only com-
putational estimates of its content and isotopic composition,
while the existing NDT techniques do not provide the desired
accuracy. In this context there is a need to develop new anal-
ysis methods of spent fuel and to determine fission material
stores. These methods should be able to conduct a full analy-
sis while maintaining the integrity of commercial reactor fuelE-mail address: korovinyu@mail.ru . 
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2452-3038/Copyright © 2016, National Research Nuclear University MEPhI (Mo
B.V. This is an open access article under the CC BY-NC-ND license ( http://creatissemblies in order to provide data for grouping stored SFAs
epending on their nuclear material content as well as spent
uel to be reprocessed now or in the future. 
The commonly used gamma-techniques based on intrin-
ic 235 U and 239 Pu gamma activity measurements as applied
o SFAs are inefficient because of fission-fragment activity
ominance. The techniques based on correlation of differ-
nt burn-up monitors (e.g., 137 Cs and 134 Cs) provide only a
ough idea of fissile isotope content, which in the event of
ubstitution does not ensure the detection of loss. The tech-
iques based on measuring SFAs intrinsic neutron irradia-
ion are weak, because it is practically impossible to separate
ifferent sources of their origin. The most efficient method
eems to be an active neutron technique, i.e. neutron spectrum
nalysis (NSA). 
eutron spectrum analysis 
The NSA technique is based on the presence of resonances
n a reaction of neutron-substance interaction. The intensity
f these resonances is unique, i.e. it characterizes each iso-
ope definitely. The NSA is aimed at measuring the number of
sotope nuclei rather than its activity; hence it is applicablescow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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w  o any (not only radioactive) isotopes. The proposed active
echnique showed good results in controlling NM content in
hin samples [2–7] . Meanwhile, of the utmost interest is the
evelopment of the NSA for controlling the content and iso-
opic composition of uranium and plutonium in SFAs. 
The NSA can be implemented in two approaches: (1) de-
ailed NSA (Neutron Resonance Transmission Analysis) and
2) integrated NSA (Resonance Self-Indication). The detailed
SA became prevailing. The main experimental results here
ere obtained in the 70–90s. The most important work was
one by Shark’s team in the National Bureau of Standards
USA) [3] . They examined two cuts from an LWR spent nu-
lear fuel element with burn-up ∼25,000 MW ·d/t U about
.5 cm in length and 1 cm in diameter related to the nu-
lear fuel element center and its rim. Then the measured
ransmission spectra were processed with the non-linear least-
quare method with the involvement of evaluated files from
he ENDF-5 library. At the same time, they determined the
bsolute percentage of 11 actinides (4 uranium isotopes, 5
lutonium isotopes, and 2 americium isotopes) as well as 5
ssion products within the accuracy of 0.4–20 percent de-
ending on the line strength. 
Currently, the work is underway to adapt the detailed NSA
o estimate 239 Pu content in SFAs [8–10] . The research is
ocused on calculations and numerical simulation. 
A detailed time-of-flight NSA variant implements the
ullest isotopic analysis of a test sample. It is, however, not
asy to use and inefficient. At the same time, very often it is
ot required to know the contents of many isotopes, but op-
rational efficiency should be high. This is the main problem
f non-destructive nuclear material testing in SFAs. Here the
ontents of only fissile isotopes 235 U or 239 Pu are of interest
nd hence the informative value of the detailed NSA becomes
xcessive. The integrated NSA, on the contrary, provides in-
ormation on the content of one particular isotope [11–14] ,
n addition, its implementation is easier and operational ef-
ciency is higher. Using the integrated NSA, the content a
esired isotope is determined by the attenuation of neutron
ux that has passed the test object: 
 ( n ) = ∫ 
f ( E ) ε ( E ) e −n σ tot dE 
∫ f ( E ) ε ( E ) dE , 
here T(n) is the average transmission, f (E ) is the neutron
pectrum, n is the isotope content (n/barn), σ tot (E ) is the iso-
ope full cross-section (barn), ε(E ) is the detector efficiency.
The simplest integrated NSA variant is measurement of
verage full transmission of the test object, where a helium
ounter tube is used as a detector. Its efficiency smoothly
aries depending on energy; hence it will properly register
eutrons of all energies in the resonance region. This fact
reatly reduces the estimation accuracy of the required iso-
ope content in multi-isotope compositions. The estimation
ccuracy can be improved by creating a selective-sensitive
etector based on a helium counter tube. However, for this it
ill be necessary to involve time-of-flight spectrometry. The
dea is to register only those neutrons that fall within the res-nance energies. This can be achieved by allocating time slots
overing the required isotope resonance energies. 
Another variant of a selective-sensitive detector is a fission
hamber. A thin layer of fissile isotope ( 235 U or 239 Pu) used
n it is highly sensitive to neutrons which energy coincides
ith the energy of fission cross-section resonances of this
sotope. Thus, the chamber registers not the whole neutron
pectrum but only sections falling within the fission cross-
ection resonances of the required isotope. Neutrons of other
nergies available in the neutron flux are hardly detected by
he chamber. As a result, the fission chamber energy selectiv-
ty makes it possible to jointly use the required isotope lines
ithout measuring the detailed structure of the spectrum that
as passed a SFA, which also significantly accelerates statis-
ics gathering. A selective-sensitive detector can be created
ased on a helium count tube. 
The integrated NSA can be implemented in two variants:
1) measuring the average transmission of the object under
nvestigation and (2) measuring the average transmission of
 sample in the spectrum that has passed the object under
nvestigation. 
Weak points of this technique include strong dependence
f the average transmission on the shape of neutron spectrum
hence careful sample calibration is required). Also it is pos-
ible to involve overlapping of full cross-section resonances
f foreign isotopes available in the sample under investiga-
ion with cross-section resonances of the required one. This
roblem can be solved provided that the content of foreign
sotopes is known. 
One may choose another way, i.e. to allocate time slots
hat exclude overlapped resonances. This approach, however,
ill significantly reduce the operative efficiency. 
imulation and calculations 
A mathematical model was created that makes it possi-
le to calculate average transmission of objects with different
sotopic content and composition as well as transmission of
 sample in the spectrum that has passed the test object. 
This mathematical model sets up the isotopic composition
f 11 actinides ( 234 U, 235 U, 236 U, 238 U, 238 Pu, 239 Pu, 240 Pu,
41 Pu, 242 Pu, 241 Am, 247 Np) and 5 fission products ( 99 Tc,
31 Xe, 133 Cs, 145 Nd, 152 Sm), geometry of the required object,
eutron spectrum shape (degradation, cadmium coating) and
etector type (fission chamber or helium counter tube). The
ata on isotope cross-sections were taken from the ENDF5
ibrary. 
ange of applicability 
In the case of large contents of the desired isotope in
he object under investigation the resonances become self-
hielded and only their tails are active. The problem was to
etermine the content at which the average transmission will
e described by the exponential relationship. The calculations
howed that the maximum value of metallic 235 U content at
hich the method works, is equal to ∼0.08 n/barn, for 239 Pu
204 A.V. Mitskevich / Nuclear Energy and Technology 1 (2015) 202–207 
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Table 1 
SFA average transmission by 235 U fission. 
Burn-up, 
MW ·d/kg 
235 U 
burn-up in 
SFA, % 
235 U content in 
a SFA, n/barn ·
10 −4 
SFA average 
transmission by 
235 U fission %n/%T 
0 0 89.4 0.0647 1.5 
10 21.6 70.1 0.0624 1.9 
20 43.1 50.9 0.0646 2.2 
30 58.5 37.1 0.0687 2.7 
40 70.8 26.1 0.0743 3.1 
50 80.3 17.6 0.0812 3.9 
Fig. 1. The dependence of average 235 U transmission by fission on 235 U 
content in SFA. 
Table 2 
SFA average transmission by 239 Pu fission. 
Burn-up, 
MW ·d/kg 
239 Pu content in a 
SFA, n/barn ·
10 −4 
SFA average 
transmission by 
239 Pu fission %n/%T 
10 7.0 0.0745 3.6 
20 10.5 0.0693 3.2 
30 12.2 0.0678 2.9 
40 12.8 0.0682 2.9 
50 12.8 0.0697 2.8 
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n  it is ∼0.11 n/barn. For comparison, in fresh hexagonal fuel as-
semblies of power reactors, where fuel enrichment does not
exceed 5%, the maximum 235 U content on the way of neutron
flux does not exceed 0.011 n/barn. Consequently, it is possi-
ble to estimate 235 U and 239 Pu contents in an SFA using the
integrated NSA technique. 
Fuel assembly geometry 
All known studies of the integrated NSA were conducted
on flat samples [2–8,11–14] . However, a spent fuel assembly
is not flat. In the performance of the study, the non-flat sam-
ple average transmission was presented as a superposition of
transmission of flat layers composing the sample with regard
for each layer contribution to the total thickness: 
〈 T 〉 = 
∑ 
i 
ω i T i , 
where < T > is the flat object average transmission, T i is the
i -flat layer transmission, w i is the i -flat layer contribution to
the total thickness. 
In simulating fuel assembly geometry a number of simpli-
fications were made: 
1) The calculations were performed only for nuclear material
without regard to structural materials; 
2) The central tube and shim rods were replaced by fuel el-
ements with nuclear material; 
3) The isotopes in SFAs were distributed uniformly. 
Optimal neutron spectrum selection 
All strong cross-sections resonances of 235 U and 239 Pu are
localized in the low-energy region (0.3–40 eV). Hence a neu-
tron spectrum should have a maximum under these energies.
Of the utmost interest is a neutron spectrum where the differ-
ence between measured sample average transmissions, which
in the required isotope content by 1%, will be the highest
possible. This difference will become greater with increased
neutron spectrum degradation. Hence, the highest degradation
is preferable. However, when neutrons are moderated, a part
of them is lost (absorbed, scattered). The share of these losses
grows as the moderator thickness increases. Accordingly, cal-
culations were made which showed that the neutron spectrum
∼ 1 E 1 . 2 . is the best. 
Calculation of SFA average transmission by 235 U and 239 Pu 
fission 
A jacket-free FA WWER-1000, (with 4.4% enrichment)
was chosen as the test object. The isotopic composition used
in calculations was taken from [15] . 
The SFA average transmission calculations of known burn-
ups by 235 U fission show ( Table 1 , Fig. 1 ) that the same
transmission value may correspond to different 235 U contents.
The reason for this is the overlapping of external isotope full
cross-section resonances with the required isotope resonances.or eliminating the ambiguity concerning interpretation of
ransmission at small burn-ups it is necessary to involve data
n SFA burn-up. 
The method sensitivity to estimation of 235 U content,
hich is a content change percent at measured transmission
ercent change, is less than 4%. 
The dependence of SFA average transmission by 239 Pu fis-
ion ( Table 2 , Fig. 2 ) is also multivalued. The method sensi-
ivity to estimation of 239 Pu content is in the range of 3–4%.
The way of estimating the required isotope content in a
FA by measuring the sample by fission in the spectrum that
as passed a SFA makes it possible to avoid ambiguity con-
erning interpretation. Table 3 and Fig. 3 show such depen-
ence using a 235 U sample 0.4 cm. The sensitivity of this
ariant to estimation of 235 U content does not exceed 4.5%. 
A similar dependence is observed in 239 Pu estimation
 Table 4 , Fig. 4 ). In this case the method sensitivity is
etter – 3%. 
The presented integrated NSA variants show almost the
ame sensitivity to the content estimation: for 235 U it does
ot exceed 4.5%, and for 239 Pu it is 3%. In this case the
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Fig. 2. The dependence of average 239 Pu transmission by fission on 239 Pu 
content in a SFA. 
Fig. 3. The dependence of average 235 U sample transmission by fission in 
the spectrum formed by a SFA on its 235 U content. 
Table 3 
The dependence of transmission a 235 U sample 0.4 cm (202 ·10 −4 n/barn) by 
fission in the neutron spectrum behind a SFA on its 235 U content. 
Burn-up, 
MW ·d/kg 
235 U 
burn-up in 
SFA, % 
235 U content in a 
SFA, n/barn ·
10 −4 
235 U sample average 
transmission by 
fission after a SFA %n/%T 
0 0 89.4 0.331 3.7 
10 21.6 70.1 0.314 3.9 
20 43.1 50.9 0.291 3.6 
30 58.5 37.1 0.265 3.3 
40 70.8 26.1 0.239 3.4 
50 80.3 17.6 0.214 4.3 
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Table 4 
The dependence of 239 Pu sample 0.4 cm (206.4 ·10 −4 n/barn) transmission by 
fission behind a SFA on its 239 Pu content. 
Burn-up, 
MW ·d/kg 
239 Pu content 
in a SFA, 
n/barn · 10 −4 
239 Pu sample average 
transmission by 
fission behind a SFA %n/%T 
10 7.0 0.186 3.1 
20 10.5 0.213 2.7 
30 12.2 0.224 2.5 
40 12.8 0.226 2.5 
50 12.8 0.226 2.5 
Fig. 4. The dependence of average 239 Pu sample by fission in the spectrum 
formed by a SFA on its 239 Pu content. 
Table 5 
The dependence of SFA transmission by 235 U fission on residence time. 
Burn-up, 
MW ·d/kg 
235 U content 
in a SFA, 
n/barn Residence, years 
0 3 5 10 25 
10 70.1 0.0624 0.0624 0.0624 0.0624 0.0623 
20 50.9 0.0646 0.0646 0.0645 0.0645 0.0645 
30 37.1 0.0687 0.0687 0.0687 0.0687 0.0688 
40 26.1 0.0743 0.0743 0.0744 0.0744 0.0747 
50 17.6 0.0812 0.0813 0.0813 0.0815 0.0820 
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2perative efficiency of these variants will differ in n times,
here n is the ratio of SFA transmission to sample and SFA
ransmission. When the samples presented in Tables 3 and
 are used, the method operative efficiency will become ∼6–
 times less. 
When the average full transmission measurement is imple-
ented in time slots, the method sensitivity to estimation of
35 U and 239 Pu contents is shade worse and does not exceed
% for 235 U and 5% for 239 Pu, respectively. The advantage
f this integrated NSA variant is a shorter time needed for
athering a required number of reports, since the registration
fficiency of a helium count tube is by a factor of hundreds
igher than that of a fission chamber. esidence time influence on average transmission 
In addition to considering the integrated NSA variants an
stimation of SFA residence time influence on the average
ransmission value was performed. The content of some iso-
opes in a SFA changes in time. Of particular interest are
sotopes which full cross-section resonances are overlapped 
ith those of required isotopes. To such isotopes belong 241 Pu
which half-life is 14 years) and 241 Am (which fission product
s 241 Pu). 
The calculations show ( Tables 5 and 6 ) that a change in
sotopic composition with residence time practically does not
ffect the average transmission value in estimating 235 U, but
ignificantly influences the average transmission in estimating
39 Pu. 
206 A.V. Mitskevich / Nuclear Energy and Technology 1 (2015) 202–207 
Table 6 
The dependence of SFA transmission by 239 Pu fission on residence time. 
Burn-up, 
MW ·d/kg 
239 Pu content 
in a SFA, 
n/barn Residence, years 
0 3 5 10 25 
10 7 0.0946 0.0945 0.0944 0.0943 0.0942 
20 10.5 0.0920 0.0917 0.0915 0.0911 0.0904 
30 12.2 0.0919 0.0915 0.0911 0.0904 0.0892 
40 12.8 0.093 0.0922 0.0917 0.0908 0.0892 
50 12.8 0.0948 0.0938 0.0933 0.0921 0.0902 
Table 7 
The dependence of average full transmission in time slots corresponding to 
resonances of 99 Tc, 133 Cs, and 145 Nd on burn-up. 
Burn-up, 
MW ·d/kg 
Average full 
transmission in 
time slots 
Method 
sensitivity, 
MW ·d/kg/%T 
0 0.1377 0.6 
10 0.116 1.1 
20 0.106 1.5 
30 0.099 1.9 
40 0.094 3.4 
50 0.0913 3.8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. The dependence of SFA average full transmission in time slots cor- 
responding to resonances of 99 Tc, 133 Cs, and 145 Nd on burn-up. 
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 SFA burn-up estimation 
The most common way of burn-up estimation is measur-
ing the activities of burn-up monitors. However, burn-up can
also be estimated by means of the integrated NSA using the
content of fragments. The latter is measured based on neutron
flux attenuation by the resonances of these fragments. In the
region of energies 0.4–40 eV, 5 fission fragments have res-
onances ( 99 Tc, 131 Xe, 133 Cs, 145 Nd, 152 Sm). With increased
burn-up the content of these fragments in a SFA increases,
hence, the average transmission will decrease. In order to
minimize the contribution of foreign isotopes, if the neutron
source is pulsed, it is proposed to use time-of-flight spec-
trometry with allocating time slots covering the resonances
of fragments. If the neutron source is continuous, one may
use a detector analogous to a fission chamber but containing
a thin isotope layer which content in the test object requires
determining. 
It should be noted that capture cross-section prevails in
99 Tc, 133 Cs, and 145 Nd, whereas in 131 Xe and 152 Sm scattering
cross-section is prevalent. Hence, it is required to use different
detectors for measuring transmission. 
In measuring average full transmission over resonances of
99 Tc, 133 Cs and 145 Nd three time slots are used which corre-
spond to resonance energies 4.0–4.7 eV, 5.2–6.2 eV, and 41.3–
43.6 eV. 
The dependence of average full transmission in time slots
on burn-up was obtained as a result of the presented calcula-
tions ( Table 7 , Fig. 5 ). 
The method sensitivity to burn-up estimation (burn-up
change per measured transmission percent) varies in the range
of 0.6–3.8 MW ·day/kg/%T. In burn-up estimation based on 131 Xe and 152 Sm contents
wo time slots show up corresponding to resonance energies
f 7.2–9.0 eV, 13.0–16.0 eV. The observed dependence is very
imilar to the one obtained above, but the method sensitivity
s worse. 
The method sensitivity to burn-up estimation becomes
orse with increased burn-up from 0.3 MW ·day/kg/%T to 23
W ·day/kg/%T. 
onclusion 
The NSA is one of a few nondestructive techniques directly
roviding information on the required isotope content in the
est object. 
Of the two FSA NSA variants the most simplified, efficient
nd low-cost is the integrated NSA. 
The method applicability range is broad enough and makes
t possible to analyze SFAs of power reactors. 
The method sensitivity to estimation of 235 U and 239 Pu
ontents in SFAs is in the range of 3–7%; hence the overall
rror can be expected within 5–10%. 
The SFA average transmission value is influenced by the
esidence time and related isotopic composition change. This
nfluence manifests most strongly in estimation of 239 Pu con-
ent. 
The presence of stable fission products in a SFA makes it
ossible to estimate its burn-up. Of the two presented burn-
p estimation variants (based on 99 Tc, 133 Cs, 145 Nd, and on
31 Xe, 152 Sm) the variant based on resonances of 99 Tc, 133 Cs,
45 Nd has the highest sensitivity. In burn-up estimation it is
equired to consider the residence time. 
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